Previous studies of the regulatory region of the SpHE (hatching enzyme) gene of the sea urchin Strongylocentrotus purpuratus (Wei, Z., Angerer, L.M., Gagnon, M.L. and Angerer, R.C. (1995) Characterization of the SpHE promoter that are spatially regulated along the animal-vegetal axis of the sea urchin embryo. Dev. Biol. 171,[195][196][197][198][199][200][201][202][203][204][205][206][207][208][209][210][211] have shown that approximately 330 bp is necessary and sufficient to promote high level expression in embryos of transgenes that reproduce the spatially asymmetric pattern of endogenous gene activity along the maternally determined animal-vegetal embryonic axis. Furthermore, SpHE regulatory elements appear to be redundant since several different combinations are sufficient to elicit strong promoter activity and many subsets function like the endogenous gene only in non-vegetal cells of the blastula (Wei, Z., Angerer, L.M. and Angerer, R.C. (1997) Multiple positive cis-elements regulate the asymmetric expression of the SpHE gene along the sea urchin embryo animal-vegetal axis. Dev. Biol., 187, 71-88). Here we demonstrate by in vivo footprinting that many cis elements on the endogenous promoter are occupied when the gene is active in early blastulae, but the binding of corresponding trans factors is significantly reduced when the gene becomes inactive in late blastulae. In addition, downregulation of the promoter is accompanied by a transition from a non-nucleosomal to a nucleosome-like chromatin structure. Surprisingly, in vitro DNase I footprints of the 300 bp promoter using nuclear protein extracts from early and late blastulae are not detectably different and neither this sequence, nor a longer one extending to −1255, reproduces the loss of endogenous SpHE transcriptional activity after very early blastula stage. These observations imply that temporal repression of SpHE transcription involves a decrease in accessibility of the promoter to activators that are nevertheless present in nuclei and capable of activating transgene promoters. Temporal, but not spatial, downregulation is therefore likely to be regulated by negative activities functioning outside the −1255 promoter region which may serve as direct repressors or mediate an inactive chromatin structure.
Introduction
The SpHE gene of the sea urchin Strongylocentrotus purpuratus is one of the first strictly zygotic genes activated in this embryo. SpHE transcripts are detectable by the eightcell stage, increase rapidly in abundance to high levels at 12-15 h (~150-cell stage) and then decline precipitously after hatching (~18 h) to undetectable levels at the mesenchyme blastula stage (25 h) (Reynolds et al., 1992) . SpHE expression is also spatially regulated; mRNAs accumulate asymmetrically along the maternally determined animalvegetal (A-V) axis, being excluded from~10-15% of blastomeres at the vegetal pole. The homologue of SpHE in Paracentrotus lividus has been shown to be temporally downregulated at the transcriptional level (Ghiglione et al., 1993) . That the spatial pattern of expression also is controlled transcriptionally is supported by the observation that a minimal regulatory domain of~330 bp proximal to the transcription start site is sufficient to reproduce the nonvegetal pattern of expression of transgene SpHE promoterreporter constructs (Wei et al., 1995 (Wei et al., , 1997 . Because SpHE transcripts are detectable some hours before those of any known tissue-specific gene and because their domain of accumulation is somewhat variable, does not correspond to a presumptive tissue territory and is one of the first molecular indications of the maternal A-V developmental axis, SpHE transcription very likely is controlled by maternal information rather than by subsequent cell-cell interactions involved in specification of early blastomere fates (Reynolds et al., 1992 ). This hypothesis is strongly supported by the demonstration that SpHE is activated autonomously in blastomeres continuously dissociated from the two-cell stage (Reynolds et al., 1992) and cannot be altered by transplantation of cells with known inductive capacities (Ghiglione et al., 1996) .
We have been studying the regulatory apparatus of SpHE in an attempt to understand the molecular basis of its transient, non-vegetal transcription and to identify regulatory activities that may be part of the mechanism that establishes the A-V axis. We previously showed that a region from −310 to +96 (the −310 promoter) around the SpHE transcription initiation site is sufficient to mediate high-level, spatially correct transcription of reporter genes (Wei et al., 1995) . Nine cis-acting elements that bind at least six different proteins in whole-embryo nuclear extracts were identified by a combination of in vitro footprinting and electrophoretic mobility shift assays (EMSA). Most of these cis elements have been tested for function by deletion or replacement and each was found to contribute positive activity. Surprisingly, multiple subsets of elements were found to support high-level, spatially correct expression (Wei et al., 1997) , leading to a model in which an apparent surplus of spatially restricted positive activities control SpHE expression.
In the work reported here, we confirm by in vivo genomic footprinting that cis elements previously shown to regulate SpHE transgenes are also occupied in the endogenous promoter at very early blastula (VEB) stage. In late (mesenchyme) blastulae, in which SpHE is inactive, the occupancy of these sites is reduced. We also find that the active promoter is accessible to micrococcal nuclease digestion, but the inactive promoter is packaged in a nucleosome-like protected structure. Surprisingly, downregulation of the endogenous SpHE gene does not simply result from the loss of the many positive factors that drive its transcription, as shown by DNase I footprinting in vitro and by SpHE promoter transgene activity in vivo at late stages. These observations suggest that temporal downregulation of SpHE is mediated by elements that lie outside the region that regulate correct spatial expression and function by altering the accessibility of the promoter to, or the binding affinities of, multiple positive regulatory proteins.
Results

The SpHE −310 regulatory sequence is occupied by proteins in early embryos but occupancy is reduced in late embryos
Previous assays of DNA-protein interaction in vitro identified nine cis elements within the −310 promoter that bind at least six different factors, as shown in Fig. 1A . All of these cis elements are thought to contribute positively to promoter activity (Wei et al., 1995) and to function in non-vegetal cells (Wei et al., 1997) . However, mutations of individual elements have only minor effects on promoter strength in vivo, raising the possibility that only a subset of the sites of DNA-protein interaction mapped in vitro might be utilized by the endogenous promoter. In order to determine whether the cis elements that mediate regulation of the −310 promoter on transgenes are similar to those that regulate the endogenous genes, we carried out DMS (dimethyl sulfate) in vivo footprinting amplified by ligation-mediated PCR to assess directly the occupancy of these cis elements, as shown in Fig. 1B . In all the experiments described in this paper, the SpHE promoter was compared at either morula (9 h) or mesenchyme blastula (20-24 h) stages; hereafter these are referred to as early and late stages, respectively. In Fig.  1C , the values of band intensities in the late embryo sample were subtracted from corresponding values in the early embryo sample to illustrate differences in site occupancy. This analysis detected clear differences at the majority of previously identified SpHE cis elements in early versus late embryos. These differences are more subtle than those revealed by in vitro DNase I footprinting because DMS footprinting detects increases or decreases in reactivity only in those guanine residues protected by protein contacts. Nevertheless, differences were reproducibly detected in sites IC, II, III, V and VI (sites IA and B and site VII were not resolved in this analysis and binding at site IV, which binds the same factor as sites IA and VII (Wei et al., 1995) , was not detectable).
At most sites, band intensities for early embryos are lower than those for late embryos in which the gene is downregulated, consistent with greater occupancy of positively acting cis elements when the promoter is active. At site IC and the overlapping site II, the band intensity is greater in early embryos than in late (Fig. 1B, arrowhead) . This is likely to be a DMS hypersensitive site resulting from protein-DNA interaction in early embryos because similar increased band intensity is observed at a nearby position (−250) in DNase I footprinting assays in vitro (Wei et al., 1995 and Fig. 3 ). This interpretation also is supported by the observation that this band is more intense than adjacent bands in early embryo footprints, as compared to the control lane which contains fragments generated by DMS-mediated cleavage of purified DNA. In general, relative band intensities along the SpHE promoter in late embryos are more similar to the control DNA pattern than to the early embryo pattern, as is most apparent at positions −97, −138, −205, −245 and the four bands in the site II region. This suggests that there is little or no cis element occupancy of these sites in late embryos. Because absolute band intensities cannot be accurately compared in this type of analysis, we cannot exclude the possibility of a lower, but finite level of protein binding to the promoter in late embryos. However, the clear decrease in the binding of positive activities observed in late embryos is consistent with temporal downregulation of the endogenous SpHE gene.
The chromatin structure of the SpHE promoter differs when the gene is active and inactive
For an additional comparison of DNA-protein interactions at the endogenous SpHE promoter in its active and inactive states, we analyzed its chromatin structure in early and late embryos. DNA in either 9-or 24-h embryo nuclei was digested to increasing extents with micrococcal nuclease, purified and fractionated by gel electrophoresis, as shown in Fig. 2 . The extent of digestion of bulk DNA as a function of enzyme concentration was very similar for both samples, generating similar bulk DNA nucleosomal patterns, as illustrated by comparison of the ethidium bromide-stained gels (Fig. 2 , center sets of lanes). The DNA was then blotted and probed with the SpHE regulatory region from −302 to −10. In contrast to the bulk DNA patterns, the distribution of fragments containing the SpHE promoter region differs greatly for 9-and 24-h embryos (Fig. 2 , left-hand versus right-hand sets of lanes). In later embryos, in which the gene is silent, the distribution of fragments containing the SpHE sequence is essentially like the nucleosomal ladder exhibited by bulk DNA. In contrast, at the early stage when the gene is intensely transcribed (see Discussion in Wei et al., 1995) , no evidence can be detected for organized chromatin structure in this~300 bp region. Some bulk nuclear DNA and similar relative amounts of SpHE promoter sequence remain in large fragments near the top of the gel at the greatest extent of digestion shown here. The amount of large fragments was variable among experiments (separate nuclear isolations and digestions) and the level shown in Fig. 2 was among the highest observed in any experiment. Since the proportion of this fraction was reduced, sometimes to undetectable levels in experiments in which incubation times were longer, we suspect that these undigested fragments result from the inaccessibility of a small fraction of aggregated nuclei to MNase during the short incubations. However, use of short digestion times, as employed in the experiment shown in Fig. 2 , is necessary to minimize cutting from an endogenous calcium-dependent nuclease. Most importantly, all experiments led to the conclusion that the majority of bulk DNA in both early and late embryo samples could be digested into a nucleosomal ladder and nucleosomes in the SpHE regulatory region were not detectable when the gene was active but clearly evident when it was inactive.
These data, together with the in vivo footprinting results, suggest that the −310 SpHE promoter region is nucleosomedeficient and bound by multiple regulatory proteins at early stages, while in late embryos, the promoter is packaged in a nucleosome-like complex. Similar results have been obtained for the promoters of early histone genes that are transcribed at the same time as the SpHE gene (Bryan et al., 1983; Wu and Simpson, 1985) .
The trans-acting factors that bind the SpHE −310 promoter persist after the gene is downregulated
To test the possibility that downregulation of SpHE transcription results from loss of positive nuclear factors binding to its regulatory region, we compared the DNase I footprints in the SpHE promoter obtained with early and late blastula nuclear extracts by DNase I footprinting in vitro, as shown in Fig. 3A . Both extracts were purified by identical protocols and equivalent amounts of protein were used in each binding reaction. Surprisingly, the patterns of protein-DNA interaction produced by these two extracts are indistinguishable. These include sites I through VI (see Fig. 1A for a diagram of these elements previously identified by footprinting and EMSAs; Wei et al., 1995) . Site I is a complex site for binding of at least three different factors, including an Ets-related protein, a sea urchin orthodenticle homologue and an unidentified high-mobility factor also bound by sites IV and VII (Wei et al., 1995) . Site IV was previously suggested to be a lower affinity site, which is consistent with the fact that it is not detected in these footprints. These results indicate that a large difference does not exist in the concentrations of proteins that can bind to the SpHE regulatory region in nuclear extracts of embryos that are transcribing the SpHE gene and those that are not.
In an earlier study by DiLiberto et al. (1989) , a CCAATCA motif identical to those in SpHE sites V and VI was shown to be sufficient for both activation and downregulation of an early histone H3 promoter-driven transgene, although its activity was relatively weak compared to the full promoter. EMSAs demonstrated that partially different sets of complexes formed with the CCAAT element when the gene was active and inactive, raising the possibility that different proteins, isoforms or cofactors could help to mediate downregulation of the EH3 gene. Since the SpHE and EH3 temporal transcription patterns are very similar, we wanted to determine whether a similar alteration in factors binding at the SpHE CCAATCA sites might be correlated with downregulation. EMSAs with a CCAATCA probe show that identical complexes were formed with nuclear extracts from both early and late embryos ( Fig. 3B ; see legend), consistent with the absence of any detectable difference in the footprints (Fig. 3A) . A similar result has been observed for a sea urchin cyclin gene (Thatcher et al., 1995) and for the CCAATCA site in a second VEB gene, SpAN (D. Kozlowski, unpublished data) . It is likely that the EH3 CCAATCA site region either binds different CCAAT factors and/or is a composite of overlapping sites that bind different factors. This would be similar to the case for a CCAAT displacement protein, which competes with binding of sea urchin CCAAT factors to the sperm-specific histone genes in embryos (Barberis et al., 1987) .
Another factor that binds the SpHE promoter (site IB) is SpOtx (Wei et al., 1995) . Factor(s) binding at the SpOtx site have been implicated in driving transcription of the Spec2a gene, which is expressed in the animal subdomain of VEB gene expression that gives rise to aboral ectoderm (Mao et al., 1994) . Antibodies to SpOtx yield nuclear signals throughout embryos both during the period of SpHE expression and after SpHE is downregulated (Gan et al., 1995; Chuang et al., 1996; Mao et al., 1996) . Consistent with these reports, a DNase I-protected sequence containing the SpOtx cis element is observed in both early and late extracts (Fig. 3A) .
Transgenes driven by SpHE promoters extending to −310 or −1255 continue to be expressed after endogenous SpHE genes are silenced
The experiments described above demonstrate that factors binding cis elements in the SpHE promoter that are necessary and sufficient for high-level spatially correct transcription (Wei et al., 1995 (Wei et al., , 1997 ) are present in nuclei and able to bind DNA in vitro at times when the gene is silent. Here we show that, although these factors cannot maintain the activity of the endogenous SpHE gene, they can drive transcription of SpHE-CAT reporter transgenes at similar rates. As shown in Fig. 4A , CAT enzymatic activity elicited Fig. 3 . DNase I footprinting and EMSA assays with 9-and 22-h nuclear extracts demonstrate that proteins that can bind the SpHE promoter are present in similar amounts in nuclei of both early and late embryos. (A) DNase I footprinting with a probe including sequences from −310 to +20 and equivalent amounts of protein from each nuclear extract. Cis elements identified previously (Wei et al., 1995) are marked by Roman numerals and vertical bars. Protected regions are indicated by arrows and hypersensitive bands are indicated by arrow heads. (B) EMSA with a probe of sequence from −114 to −67 which contains site VI (a CCAAT box) and 2 mg of each nuclear extract. DNA/protein complexes are indicated by arrows and F designates the position of migration of the free probe. Shorter exposures show that the mobilities of the two complexes with early and late blastula nuclear extracts are indistinguishable.
by the −310 SpHE promoter was detectable at 9.5 h of development as expected (Reynolds et al., 1992) and reached maximal levels by 15 h which remained essentially constant for at least an additional 20 h until early gastrula stage at 36 h.
One likely explanation for the lack of downregulation of the −310 promoter could be that it lacks a cis element(s) that binds one or more negative temporal regulatory activities. Therefore, we carried out similar analyses of a SpHE promoter sequence that extended to −1255. As shown in Fig.  4B , similar levels of CAT activity also were observed at 20 and 42 h (mid-gastrula stage) with the −1255 promoter. The simplest interpretation of these results is that the region from −1255 to +96 around the SpHE transcription start site lacks information required for downregulation of activity after very early blastula stage.
Discussion
We previously demonstrated that the −310 SpHE promoter contains a sequence sufficient for high-level expression in a non-vegetal pattern which mimics that of the embryonic gene (Wei et al., 1995) . Here we show that the mechanism that regulates temporal expression of the SpHE promoter is different from that responsible for spatial regulation, since information sufficient for downregulation of SpHE after very early blastula stage is not present in the −310 promoter, nor in a longer potential regulatory region extending to −1255. Several other examples exist in the sea urchin embryo, in which transgenes reproduce the spatial and temporal activation of the corresponding endogenous genes, but are not appropriately downregulated at later stages. For example, the endogenous CyIIIa actin gene transcription rate is much lower at gastrula stage than at stages before hatching (Gagnon et al., 1992; Lee et al., 1992) , while that of a transgene capable of correct spatial regulation continues to increase until gastrula stage (Flytzanis et al., 1997; . Similar observations have been made for the Spec2a gene (Gan et al., 1990; Tomlinson and Klein, 1990; Gagnon et al., 1992) .
Our previous studies showed that nine different cis elements in the −310 SpHE promoter interact with at least six different factors, all of which are thought to be positive regulators (Wei et al., 1995 (Wei et al., , 1997 . These interactions have been well characterized by EMSA analysis and their functional significance has been demonstrated by analysis of transgenes expressed in vivo. In the present work, we carried out additional in vitro footprinting analyses with nuclear proteins from early blastulae which transcribe SpHE and detected binding at the majority of previously identified sites. In vivo footprinting confirmed that these regions of the SpHE promoter are also utilized by the active endogenous gene. Surprisingly, a virtually identical DNase I protection pattern was observed with nuclear extracts from late blastulae, in which SpHE and the other VEB genes are silent. Thus, persistence of SpHE trans factors and transgene activity at late stages appears to eliminate simple models for temporal regulation of the endogenous SpHE gene invoking large reductions in levels of positive factors, or in levels of coactivators that interact with such factors. A similar situation may exist for the promoter of another VEB gene, SpAN, i.e. EMSAs do not detect any differences in complexes formed by nuclear extracts of early and late embryos with cis elements shown to be essential for transgene expression (Kozlowski et al., 1996) and a regulatory region of 6 kb including the first intron remains active several days after the endogenous gene is silent (our unpublished data).
While we cannot exclude the possibility that in vitro assays might miss subtle differences between early and late factors interacting at the SpHE promoter, our previous studies suggest that many differences are likely to be required to mediate downregulation of the endogenous gene. This is because multiple subsets of SpHE cis elements are sufficient to support expression from the −310 promoter at near maximal level and mutations of a single cis element (or even combinations of several elements) in this region have only minor effects on expression (Wei et al., 1995 (Wei et al., , 1997 . Thus, it is more likely that temporal downregulation of the endogenous SpHE promoter in late blastulae is mediated by a factor(s) binding outside the −310 (and −1255) regulatory region. Detailed analyses of the regulatory apparatuses of several different promoters active in different temporal and spatial patterns in sea urchin embryos have revealed a modular architecture in which outputs from separate clusters of cis elements are integrated to yield the Fig. 4 . SpHE promoter/CAT transgenes remain active after transcription of the endogenous SpHE gene ceases. (A) The −310 promoter linked to the CAT reporter gene was assayed at 9.5, 15, 24 and 36 h postfertilization. S refers to a positive control reaction carried out with bacterial chloramphenicol acetyl transferase. C indicates a negative control reaction in which uninjected embryos were assayed. (B) Similar assays were performed using the −1255 SpHE promoter transgene and embryos were analyzed at either 20 or 42 h postfertilization. Since these assays were carried out under different experimental conditions with a different embryo batch, the relative level of CAT activity here cannot be compared with that shown in (A). As shown previously (Wei et al., 1995) , the activities of −1255 and −310 promoters are similar when assayed in the same experiment. As discussed in the text, transcription of the endogenous gene ceases before hatching blastula stage.
overall pattern of expression (reviewed by . To produce the relatively simple pattern of expression of SpHE and SpAN by a similar mechanism, only two modules would be required: The −300 promoters regulate spatially correct activation, while an unidentified module(s) would be required for downregulation.
Discrepancies between the presence of nuclear proteins and their binding to endogenous genes previously have been reported for several genes in other systems (e.g. Becker et al., 1987; Kara and Glimcher, 1991; Li et al., 1994) . One obvious possibility is that the −1255 SpHE promoter lacks one or more cis-acting elements that function, directly or indirectly, to regulate binding of multiple activators within it. These could function by regulating chromatin structure across the promoter (reviewed by Kornberg and Lorch, 1991; Felsenfeld, 1992) , as suggested by the transition to a nucleosome-like structure when the genes are inactive. Chromatin structural differences have been proposed to explain differences in accessibility of CyIIIa actin endogenous and transgene cis regulatory elements in sea urchin embryos (Livant et al., 1991) . An example demonstrating the importance of chromatin structure in regulating transcription that may be particularly relevant for our studies is that non-nucleosomal mouse mammary tumor virus templates in transiently transfected cells are transcribed in the absence of hormone inducer while stably transformed cells containing nucleosomal templates are not. Further, after incubation in hormone for 24 h, transient templates continue to bind transcription factors in vivo when stable templates do not, supporting the idea that chromatin structure can regulate not only activation but also repression of transcription of endogenous genes (Lee and Archer, 1994) . While a similar phenomenon might explain why SpHE transgenes remain active at times when the endogenous gene is inactive, establishment of an endogenous SpHE repressive chromatin structure ultimately requires some cis regulatory information outside the −1.2 kb domain. Alternatively, an active repression mechanism that involves binding at one or more distal cis elements might function to disrupt the assembly of a productive transcription complex and destabilize the binding of positive SpHE trans factors across the −310 promoter region (reviewed by Hanna-Rose and Hansen, 1996) . Whatever the regulatory mechanism, it appears to be restricted to temporal repression and distinct from the mechanism that prevents expression of SpHE in vegetal cells of early embryos, a pattern faithfully executed by the −310 promoter.
Materials and methods
Embryo culture
Strongylocentrotus purpuratus adults were purchased from Marinus (Westchester, CA) or Pacific Biomarine (Venice, CA). Shedding of gametes was induced, eggs were fertilized and embryos were cultured at 15°C as described previously (Angerer and Angerer, 1981) . For DMS footprinting (see below) and micrococcal nuclease digestions, eggs were fertilized in the presence of 5 mM para-amino benzoic acid and fertilization membranes were removed by passage through 50 mm Nitex.
DMS in vivo footprinting
DMS treatment of sea urchin embryos was conducted as follows. Embryos were collected by centrifugation at 500 rev./min for 2 min and then resuspended in sea water at 10-50% v/v. Varying amounts of DMS (4-60 ml 10% dimethyl sulfate, freshly diluted in ethanol; DMS, Aldrich) were added to 1-ml aliquots of this suspension. This suspension was incubated for 1-2 min and the reaction stopped by addition of~45 ml of ice-cold sea water. The embryos were washed once with ice-cold sea water and resuspended in 20 mM Tris-HCl (pH 8.0), 20 mM NaCl, 25 mM EDTA. The suspension was brought to 1% sodium dodecyl sulfate (SDS), extracted with buffer-saturated phenol-chloroform until no interface remained (Ͼ3×), extracted with chloroform, precipitated twice with ethanol and then resuspended in TE (10 mM Tris (pH 8.0), 1 mM EDTA). Control DNA was extracted from untreated embryos and reacted with DMS in vitro. Piperidine cleavage was conducted as described (Mueller et al., 1994 ). An appropriate degree of DMS-mediated cleavage was obtained when singlestranded DNA fragments of mass average length comigrated with marker double-stranded DNA of approximately 400 bp. Ligation-mediated PCR was conducted as described (Mueller and Wold, 1989) . The three primers used were as follows: primer 1, −346 to −324, 5′-GTCTGTGATTTA-ACTTGCTAGAC-3′; primer 2, −326 to −305, 5′-GAC-TCTCTCCCAATTGGATCCG-3′; and primer 3, −324 to −301, 5′-CTCTCTCCCAATTGGTCCGTCCT-3′ and the linker primers were: 5′-GAATTCAGATC-3′ and 5′-GTG-ACCCGGGAGATCTGAATTC-3′.
For annealing, 0.4 pmol primer 1 was mixed with 0.1-0.5 mg DNA in 15 ml containing 40 mM Tris-HCl, 50 mM NaCl (pH 7.7). After denaturing at 95°C for 2 min the solution was incubated at 55°C for 20 min. Extension was carried out at 40°C for 10 min after adjusting the reaction mixture to 6.25 mM MgCl 2 , 6.25 mM DTT and 0.1 mM of each dNTP and adding 5 units of Sequenase (USB; Version 2.0) diluted 1:4 with buffer supplied by the manufacturer. For ligation, the reaction mixture was adjusted to 40 mM Tris-HCl (pH 7.7), 10 mM MgCl 2 , 20 mM DTT, 50 mg BSA/ml and 1 mM ATP and then 100 pmol linker and 10 units of T4 ligase (USB; 10 U/ml) were added in a final volume of 70 ml. Linker primers had been annealed in 250 mM Tris-HCl (pH 7.7) at a concentration of 20 mM. After ligation at 16°C overnight, the DNA was phenol/chloroform extracted and ethanol precipitated. PCR was conducted by adding 80 ml of H 2 O, 10 ml of 10× buffer (supplied with Taq polymerase by Perkin Elmer), 4 ml of 5 mM of each dNTP, 2.5 ml of 20 mmol primer 2, 2.5 ml of 20 mmol longer linker primer and 5-10 U of Taq polymerase (Perkin Elmer). PCR was carried out for 20-22 cycles of amplification at 95°C for 1 min, 65°C for 2 min and 74°C for 3 min. To display the PCR products, 1-2 pmol of end-labeled primer 3 (Ͼ10 6 cpm in 2 ml, labeled with T4 polynucleotide kinase) was added, along with 0.5 ml of 5 mM of each dNTP, 2 ml of 10× Taq polymerase buffer, 15 ml H 2 O and 1 U of Taq polymerase (Perkin Elmer). Primer extension was carried out for one to five cycles of 95°C for 1 min, 68°C for 2 min and 74°C for 5 min. The DNA was purified by phenol extraction and ethanol precipitation and separated by electrophoresis through a 6% polyacrylamide electrolyte-gradient (Slatko and Albright, 1994 ) sequencing gel.
Micrococcal nuclease digestions of DNA in embryo nuclei
At 9 or 24 h of development, embryos were dissociated into single cells by repeated washes in CMFSW (calcium, magnesium-free sea water) containing 2 mM EDTA (pH 8.1) and the cells were washed once by sedimentation at 10 000 × g with HBA buffer (60 mM KCl, 15 mM NaCl, 15 mM Tris-HCl (pH 7.4), 15 mM b-mercaptoethanol, 0.5 mM spermidine and 0.15 mM spermine) (Hewish and Burgoyne, 1973) containing 0.34 M sucrose and 2 mM EGTA (HBA-SEG). After suspension in 5-10 embryo pellet volumes of HBA-SEG, the cells were lysed by gentle homogenization with a B pestle in a Dounce homogenizer. Cell lysis was monitored by DAPI staining and nuclei were collected by sedimentation at 10 000 × g and resuspended in 5-10 pellet volumes of HBA-SEG. To purify them further, the nuclei were sedimented through a cushion of 1.5 M sucrose in HBA (0.33 of the overlayered suspension volume) at 65 000 × g for 1 h. The relative numbers of nuclei in each sample were quantitated by measuring the OD 260 nm of a 1:200 dilution in 0.1 M NaOH. For each digestion, 9.1 OD units (corresponding to approximately 300 mg DNA) were incubated with 0-1350 U micrococcal nuclease/ml (Worthington) for 2 min in HBA containing 1 mM CaCl 2 to minimize the activity of an endogenous calcium-dependent nuclease (Anderson et al., 1986) . The reactions were quenched by addition of EDTA to a final concentration of 12.5 mM and the DNA samples were purified by proteinase K digestion for 15 h (50 mg/ml of sample adjusted to 0.5% SDS), phenol/chloroform extraction and ethanol precipitation. Samples containing 25 mg DNA were fractionated by electrophoresis at 150 V through a 15 cm 1.5% agarose gel in 1× TBE (Tris-borate-EDTA) until the bromophenol blue tracking dye had migrated two-thirds the length of the gel. After the gels were stained with ethidium bromide to reveal the bulk DNA patterns, DNAs were blotted to Genescreen Plus (New England Nuclear) and hybridized overnight with sequence specific for the SpHE promoter (−302 to −10) synthesized by PCR and labeled by random priming with [ 32 P]dNTPs to a specific activity of 0.5-1.5×10 9 dpm/mg. The blots were washed at 50°C with a series of SSC buffers ranging from 4× to 0.1×, each at 50°C and containing 1% SDS, and then exposed to Kodak XOMat film with two intensifying screens overnight.
DNase I footprinting and EMSA in vitro
Nuclear protein extracts were prepared and footprinting reactions were conducted as described previously (Wei et al., 1995) with minor modifications. In the DNA-protein binding reactions, the following components were combined in a final volume of 10 ml of 110 mM KCl, 0.5 mM MgCl 2 : 5 mg 9-or 22-h nuclear extract protein as determined by Bradford assay, 1 mg each of poly[d(I-C)] and poly[d(A-T)] and~0.5 ng probe representing the SpHE promoter sequence previously characterized (Wei et al., 1995; . The probe sequence extends from −310 to +20 relative to the transcription initiation site and was labeled at the 3′ end of the non-coding strand to a specific activity of 5 × 10 7 dpm/mg with a[ EMSA reactions were as described for DNase I footprinting except that 2 mg of nuclear extracts were used and the resulting DNA/protein complexes were electrophoresed in a non-denaturing gel as described (Wei et al., 1995) .
Assays of SpHE promoter activity in vivo
The construction of −310 and −1255 SpHE promoter-CAT reporter chimeric transgenes and microinjection of linearized transgene constructs, embryo culture and assays for CAT activity were described previously (Wei et al., 1995) .
